Electron density and neutral gas density have been measured in a non-equilibrium air breakdown plasma using optical emission spectroscopy and two-dimensional laser interferometry, respectively. A plasma was created with a focused high frequency microwave beam in air. Experiments were run with 110 GHz and 124.5 GHz microwaves at powers up to 1.2 MW. Microwave pulses were 3 µs long at 110 GHz and 2.2 µs long at 124.5 GHz. Electron density was measured over a pressure range of 25 to 700 Torr as the input microwave power was varied. Electron density was found to be close to the critical density over the pressure range studied and to vary weakly with input power. Neutral gas density was measured over a pressure range from 150 to 750 Torr at power levels high above the threshold for initiating breakdown. The two-dimensional structure of the neutral gas density was resolved. Intense, localized heating was found to occur hundreds of nanoseconds after visible plasma formed. This heating led to neutral gas density reductions of greater than 80% where peak plasma densities occurred. Spatial and temporal structure of gas heating at atmospheric pressure were found to agree well with numerical simulations.
I. INTRODUCTION
A. Background DC to low frequency microwave air breakdown has been extensively studied in the past. [1] [2] [3] Comparatively little experimental work has, however, been performed at mm-wave frequencies, especially at high pressures. [4] [5] [6] This is due to a historical lack of high power sources at millimeter wavelengths. The development of high power, high frequency sources, such as gyrotrons, has made it possible to create plasmas in free space in atmospheric pressure air at frequencies greater than 100 GHz. In recent years, these plasmas have been shown to possess complex geometries and dynamics not seen in lower frequency experiments. [7] [8] [9] [10] [11] [12] In particular, two-dimensional arrays of plasma filaments aligned with the electric field of the incident microwaves have been documented at 110 GHz. Numerous numerical simulations have been performed to explain the structure of these arrays of plasma filaments.
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Work has begun to experimentally characterize these plasma formations. 21 However, many physical aspects of these unique plasma structures have yet to be measured. In order to better understand high frequency microwave breakdown, as well as to validate the existing numerical models, it is necessary to further experimentally characterize these plasmas. Peak plasma electron density and dynamic measurements of neutral gas density are presented in this paper.
B. Experimental Setup
The experimental setup is shown in Fig. 1 . A pulsed gyrotron (not shown in Fig. 1 ) was used to create a linearly polarized, quasioptical beam. The gyrotron can generate up to 1.4 MW of power at 110 GHz and up to 1 MW at 124.5 GHz. 22 Pulse lengths are 3 µs at 110 GHz and 2.2 µs at 124.5 GHz. In Fig. 1 , microwaves propagate in the z direction, and are polarized out of the page, in the y direction. Mirrors guide the microwave beam from the gyrotron window into a gas chamber. Inside the chamber, high density polyethylene lens was used to focus the beam to a small spot size, a 3.2 mm and 2.6 mm 1/e radius in power at 110 and 124.5 GHz, respectively. Air pressure in the chamber and input microwave power were varied as necessary for the experiments. • between a) and b). The dashed lines in a) denote the 1/e power contour of the incident Gaussian beam.
C. Millimeter-Wave Discharge Plasma
Example microwave discharges in 750 Torr air are shown in Fig. 2 . The example discharges were created with 750 kW, 2.2 µs pulses of linearly polarized 124.5 GHz microwaves (wavelength = 2.4 mm). Microwaves were incident from the right of each image. The polarization of the incident microwaves was rotated by 90
• between Figs. 2a and 2b. For these images, light was collected with 3 µs exposures, capturing light from the entire lifetime of the discharge plasma.
The plasma spontaneously forms a two-dimensional filamentary structure with filaments oriented along the electric field of the polarized incident microwaves. The two-dimensional portion of the array forms a triangular lattice. The plasma array is a dynamic formation. An initial plasma filament forms near the focal point of the incoming microwave beam. This initial filament reflects and absorbs much of the incoming microwaves. Reflected microwaves interfere with incoming microwaves to produce hot spots in the E-field toward the microwave source. A subsequent filament then forms at the hot spot. In this manner, the plasma array propagates upstream toward the source. The original filament and subsequent filaments spread along the electric field lines over time scales of nanoseconds. Several filaments can coexists at a single time. Filaments closer to the source absorb and scatter a large fraction of the incoming microwaves away from the axis of the incident Gaussian beam. In Fig.  2b , this causes a shadow to form in the plasma along the axis of the Gaussian beam. Visible light emission from the plasma is strongest about λ/4 above and below the axis where the plasma persists longer. This plasma is discussed in greater detail in the published literature.
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II. ELECTRON DENSITY MEASUREMENT
A. Optical Emission Spectroscopy, Hα Line Broadening Peak electron density was measured using optical emission spectroscopy. A high resolution spectrometer was combined with an ICCD camera as a visible light detector. Electron density was measured from the Stark broadening of the n = 3 to n = 2 transition of hydrogen, the H α line at 656.3 nm. The subscript α indicates that this is the first line (lowest energy) of the Balmer series of hydrogen lines.
Broadening mechanisms for the H β line at 486.1 nm have been derived in detail for use as a diagnostic of plasma electron density. 23, 24 In the presented experiment, the H β line is obscured by strong emission from molecular nitrogen. Use of other lines of the hydrogen Balmer series for Stark broadening measurements has been explored in the literature. 25 The H α line was chosen for its strong signal-to-noise ratio. Eqs. 1-2 were adapted for use with the H α line following the derivation in Laux et. al. 23 In these equations, T is neutral gas temperature, P is neutral gas pressure, and n e is electron density. Neutral gas temperature was estimated from published data. 
Eqs. 1-5 are for the half-width at half-maximum of a broadened peak. A σ symbol indicates a Gaussian broadening mechanism. A Γ indicates a Lorentzian broadening mechanism. Experimental data were fit with Voigt profiles, convolutions of Gaussian and Lorentzian profiles.
The relationship between Stark broadening of the H α line and electron density, Eq. 1, was derived from a fit to numerically modeled data. 28 A and γ are fit parameters. The uncertainty in these parameters was the primary source of uncertainty in the final results.
Instrumental broadening, σ instr , Eq. 3, is a measured parameter of our spectrometer and ICCD setup. Natural broadening, σ nat , Eq. 4, was calculating using published atomic transition probabilities.
26 Doppler broadening, σ Dop , Eq. 5, was adapted from the H β equation in Laux et. al. with a multiplicative factor of λ Hα /λ Hβ , where λ indicates the central wavelength of the broadened spectral line. Van der Waals broadening, Γ V dW , broadening due to collisions with unlike particles, Eq. 2, was calculated using the relative intensities of the seven transitions that make up the H α line.
27 A complete derivation of these equations can be found in Laux et. al.
Like collisions between hydrogen atoms were neglected as a broadening mechanism, because of the low concentration of hydrogen present in the experiment. Background spectra were collected by creating discharges in dry air. These discharges lacked any measurable hydrogen lines. Dry air was bubbled through deionized water to introduce humidity. Hydrogen was present in the form of small amounts of dissociated water vapor.
B. Electron Density Results
In Fig. 3 , the peak electron density was measured as the power of the incoming microwaves was varied. This data was collected at 110 GHz. The x-axis in this figure is the peak electric field of incident waves relative to the critical field for initiating breakdown, E crit , which has been measured for 110 GHz microwaves. 29 At P = 200 and 300 Torr, measured electron density is shown to slightly decrease as incoming microwave power is increased. The spectroscopic measurement was performed by collecting light from the entire plasma array. As microwave power is increased, the plasma becomes much larger, extending more into low E-field regions of the Gaussian beam. The collection of the signal from the entire plasma is likely the cause of this trend of decreasing n e versus E/E crit . Fig. 4 shows how the peak electron density varies with pressure for both 110 and 124.5 GHz microwaves. Data was collected at the highest values of E/E crit for each pressure shown in Fig. 3 , to maximize the strength of the signal measured. In both cases, the electron density is well represented by the critical density, n c , given by Eq. 6. The critical density is defined as the density at which the plasma frequency, f pe , is equal to the frequency of the incoming microwaves. Plasma frequency due to free electrons in a collisional plasma is given in Eq. 7. The pressure dependence arises from the collision frequency, ν c , of electrons with neutrals in air, estimated using the simple relation in Eq. 8. 1 The variables m e , e, and 0 are the mass of the electron, the charge of the electron, and the permittivity of free space, respectively.
ν c = 5.3 × 10 9 Hz T orr P
In Fig. 4 , measured electron density is compared with the values of peak electron density predicted by several numerical models.
14-17 Most of these models predict peak electron density only for P = 760 Torr and are in reasonable agreement with the experiment. The two-dimensional model by Zhou et. al.
18 extends down to P = 200 Torr, and shows good agreement with the experiment as pressure is varied.
III. GAS DENSITY MEASUREMENTS A. Two-Dimensional Visible Laser Interferometry
The temperature of neutral gas is a fundamental property of weakly ionized plasmas. Previous experimental studies have used laser spectroscopy to measure gas temperature in low frequency microwave discharges.
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The kinetics of gas heating in microwave discharges have also been measured. 33, 34 Additionally, gas heating in microwave discharges has been the subject of theoretical study. [35] [36] [37] Most recently, a numerical model of gas heating has been produced by Kourtzanidis et. al.
38 that recreates many of our experimental parameters at 110 GHz and atmospheric pressure. Measurements of neutral gas density as a function of time and space have been measured experimentally to allow for comparison with this model. Gas density was measured using a two-dimensional visible light laser interferometer. Laser interferometers are an established technique for measuring gas density in pulsed plasmas. 39, 40 Two wavelengths of light, 532 and 635 nm, were used to separate phase shift due to free electrons from phase shift due to heated neutral gas. A Mach-Zehnder interferometer was constructed around the discharge plasma, as shown in Fig. 1 . Diode laser beams were expanded to a 1 cm diameter in order to image a large portion of the discharge. Movable optical elements were used to sweep the measurement arm of the interferometer across the array of plasma filaments. An imaging lens focused on the location of the discharge was necessary to counter refraction of the laser light due to the heated gas. A magnifying lens enhanced spatial resolution of the plasma array.
One mirror of the interferometer was tilted to produce a pattern of interference fringes on the ICCD detector. A microwave discharge in the measurement arm of the interferometer caused the interference fringes to bend away from their plasma-free positions. Intense, localized gas heating yielded complex interferograms with sharp features. Phase shift was extracted from interferograms using two-dimensional wavelet transforms 41, 42 , as opposed to the more common FFT techniques used to analyze less complex interferograms.
Microwave discharges studied with the interferometer were created with 750 kW, 2.2 µs pulses of 124.5 GHz microwaves. After transmission losses, this created a peak electric field of 6.3 MV/m at the focal point, 1.1 times the critical field for initiating breakdown at 750 Torr.
Line integrated gas density is calculated from measured phase shift using Eq. 9. The neutral gas number density is ρ, with the background value given by ρ 0 . R G is the Gladstone-Dale constant, with units of one over density. The value of the Gladstone-Dale constant depends upon gas composition, and has been tabulated for common gases.
B. Plasma Array Dynamics
Figs. 5-7 show the time progression of visible light emission and gas heating due to the microwave discharge at air pressures of 150, 450, and 750 Torr. The microwave beam is incident from the right. Data shown here were collected viewing the E-plane of the microwave discharge, as in Fig. 2b . The visible light images of the plasma are 10 ns exposures, as opposed to the 3 µs exposures seen in Fig. 2 . The interferometric data was gathered using 10 ns exposures averaged over 25 discharges, to increase signal to noise. The movable optics of the interferometer were swept horizontally, and multiple images were stitched together to show a greater extent of the plasma array.
For the interferometry experiments, the location and timing of the plasma filaments was made highly reproducible by the inclusion of a needle point initiator downstream from the focus of the microwave beam. In Figs. 5 -7, the tip of the initiator is at 1 mm along the horizontal axis. The focal point of the microwave beam is at 7 mm. The existence of plasma along the horizontal axis to the left of the microwave beam focal point is due to the needlepoint initiator. To the right of the focal point, the shape and the dynamics of the plasma array are largely unaffected by the presence of the initiator.
In Figs. 6 and 7 black arrows indicate the filaments that were further analyzed to obtain local values of gas density, presented in the following subsections. The time scales in these figures are set so that 0 ns occurs when visible light is first detected at the location of the example plasma filaments. The time scale for P = 150 Torr data in Fig. 5 is set so that 0 ns occurs when visible plasma first forms at the focal point of the microwave beam.
At the locations where visible plasma is seen in Figs. 5 -7, gas density cavities formed. At P = 150 Torr in Fig.  5 , filamentary structure is faintly visible in the visible light time sequence. At 1300 ns, gas heating is shown to greatly diminish neutral gas density where the tips of plasma filaments previously existed, while showing much weaker heating along the axis of the Gaussian beam. The filamentary structure of the visible plasma is increasingly clear at higher pressure in Figs. 6 and 7.
C. Single-Filament Local Gas Density
For air pressures of P = 450 and 750 Torr, high collisionality caused heated gas to form an orderly array of filaments much like that seen in visible light emission from the plasma. The assumption that, for thin cross sections, the filaments have approximately cylindrical symmetry allowed the extraction of local gas density from the line integrated data of Figs. 6 and 7. This was made possible, because the one-dimensional portion of the plasma array, seen in the left half of Fig. 2a , allowed the signal from a single filament to be isolated.
Line integrated gas density is related to the profile of local gas density by the Abel transform, Eq. 10. A density wave of compressed gas formed around each heated plasma filament. This yielded a non-monotonic profile in ∆ρ versus r, gas density versus radius of each filament, rendering many common methods of inverting the Abel transform unusable. An iterative method for computing the inverse Abel transform was chosen to invert the non-monotonic gas density profiles. 
The coordinate system used to analyze local gas density is illustrated in Fig. 8 . Distance along an electric field line is denoted by s, and distance perpendicular to a field line is denoted by r. A curved centerline was fit to each filament analyzed. A radial profile was fit to a slice of the filaments every 16 µm along each centerline, the spatial resolution of our detector.
Analysis at early times was limited by detector sensitivity, which scales linearly with pressure. Analysis at late times was limited by expansion of heated filaments into neighboring filaments. Once the outgoing density waves begin to collide, our assumption of cylindrical symmetry in the curved coordinate system fails. For this reason, analysis of local data was stopped at 280 ns for P = 450 Torr and at 200 ns for P = 750 Torr.
Contour plots of the results for P = 450 and 750 Torr are displayed in Fig. 9. Comparing Fig. 9a and b , it is observed that the gas density profiles of the filaments are pressure dependent. As pressure is decreased, gas heating is increasingly concentrated in the tips of each filament. This can also be seen in Figs. 5 -7.
D. Local Results at P = 450 Torr
Local gas density along the filament axis at P = 450 Torr is illustrated in greater detail in Fig. 10 . This plot shows the variation of gas density along the centerline of the filament, at r = 0. It can be seen that gas heating is most intense near the tips of the filament (large values of |y|), reaching density reductions greater than 80% depletion of background gas. al. 38 where a two-dimensional planar simulation of a single, non-propagating filament was created by 110 GHz plane waves coming from both positive and negative z in 760 Torr air in Figs. 11 and 12. Each plane wave had an amplitude of 2.5 MV/m, giving a maximum total electric field of 5 MV/m at the location of the plasma filament.
The radial dependence of gas density at s = 0 is compared with the numerical simulation in Fig. 11 . The time scale of the experimental data is in agreement with that of the simulation. Gas heating only leads to significant changes in gas density 100 ns after visible plasma is formed. The simulation also correctly predicts the existence of outward moving density waves. However, Kourtzanidis et. al. predict higher amplitude density waves than are observed in our experiments. This is due to the two-dimensional planar geometry of their simulation. Conservation of mass in the approximately cylindrical geometry of the experiment leads to smaller values 38 The coordinates r and s are defined in Fig. 8 . The variable z is distance parallel to the propagation of the microwaves in the 2D numerical model. of |∆ρ| at increasing |r| in Fig 11a.  Fig. 12 compares the experiment with the numerical simulation along the centerline of the filament. As predicted in the simulation, on-axis heating is peaked at the tips of the filament, though heating at the filament tips is seen to be stronger in the experiment. Discrepancies in the length of the filament along s is explainable by the rapid propagation of the experimental plasma. The simulated plasma of Kourtzanidis et. al. is limited in overall length in the s direction to approximately λ/2 by interaction between the plasma and heated neutral gas. This gas heating, however, takes 100 ns to turn on. In the presented experiment, the discharge plasma propagates toward the microwave source on time scales that are much shorter than 100 ns. The experimental plasma has no time to interact with perturbations to the density of the background gas. The length of the plasma filament would thus be predicted to be longer in the propagating experiment than the stationary filament of the numerical 
simulation.
IV. DISCUSSION AND CONCLUSIONS
Spectroscopic measurements of electron density have been carried out on a microwave discharge plasma initiated by a focused gyrotron beam at 110 and 124.5 GHz. Stark broadening of the H α line was used to obtain values of peak electron density at varying levels of microwave power at pressures from 25 to 700 Torr. The electron densities were found to closely follow the trend of the critical electron density for reflecting the incoming microwaves, given by Eq. 6. Electron density was found to vary only weakly with input power. Experimental values of electron density show good agreement with several theoretical models.
Two-dimensional interferometric measurements of gas density were carried out on a microwave discharge plasma at 124.5 GHz. Gas density was probed with visible lasers and a fast gating ICCD. Gas heating was found to decrease neutral gas density by more than 80% in very localized regions. Two-dimensional structure of the heated gas filaments was resolved. Making allowances for differences in geometry between experiment and simulation, recent numerical simulations by Kourtzanidis et. al. 38 were found to successfully predict many aspects of the heated gas filaments.
